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ABSTRACT 

Acute  hemorrhage  accounts  for  about  50%  of  the  deaths  on  the  battlefield  in  conventional  warfare.  In 
addition,  hemorrhage  is  the  primary >  cause  of  death  in  30%  of  injured  soldiers  who  die  from  wounds.  With 
future  combat  strategies  focused  around  the  Objective  Force  Warrior,  greater  dispersal  of  troops  and  fighting 
in  urban  settings  and  on  non-linear  battlefields,  the  likelihood  of  longer  evacuation  times  for  combat 
casualties  is  suggested.  As  a  consequence  of  these  conditions  and  the  logistic  limitations  of  weight  and  cube, 
fluid  resuscitation  research  within  the  Army’s  Combat  Casualty  Care  Research  Program  is  focused  to 
investigate  limited-  or  small-volume  fluid  resuscitation  strategies,  including  permissive  hypotension,  in  far- 
forward  areas  for  the  treatment  of  severe  hemorrhage.  The  goals  are  to  improve  battlefield  survival  and  to 
reduce  or  prevent  early  and  late  deleterious  sequelae.  Utilizing  both  anesthetized  and  conscious  large  (swine) 
and  small  (rodent)  animal  models,  current  efforts  are  focused  on  evaluating  available  crystalloid  and  colloid 
fluids  such  as  lactated  Ringer ’s,  Hespan  and  Hextend.  In  addition,  other  studies  are  evaluating  hemoglobin 
therapeutics  as  well  as  hypertonic/hyperoncotic  fluids.  Preliminary  data  suggest  that  colloid  containing  fluids 
offer  volume  sparing  effects  over  standard  isotonic  crystalloids,  but  under  these  animal  model  conditions,  no 
obvious  advantage  of  an  oxygen-carrying  fluid  has  been  observed.  Studies  to  evaluate  limitations  of 
hypertonic  fluids  under  these  conditions  are  currently  in  progress.  As  there  are  little  data  available  on  the 
consequences  of  permissive  hypotension  coupled  with  longer  evacuation  times  for  the  military,  these  studies 
have  important  implications  towards  the  development  of  optimal  fluid  resuscitation  strategies  for  stabilization 
of  the  combat  casualty. 


1.0  INTRODUCTION 

Acute  hemorrhage  accounts  for  about  50%  of  battlefield  deaths  in  conventional  warfare,  and  for  30%  of 
casualties  who  die  from  wounds  [1].  Overall  these  data  estimate  that  65%  to  80%  of  casualties  may  require 
some  amount  of  fluid.  In  addition,  lessons  learned  by  the  British  in  the  Falkland  Islands  War,  the  Israelis  in 
their  past  conflicts  and  the  Indians  in  their  Northern  India  military  skirmishes,  confirmed  that  prompt 
resuscitation  improves  survival  [2,3].  In  a  recent  consensus  conference,  Butler  et  al.  [4]  recommended  fluid 
resuscitation  for  anyone  who  was  unconscious  (suggesting  a  systolic  blood  pressure  less  than  50  mmHg)  or 
for  any  casualty  with  a  change  in  mental  status. 


1  The  opinions  or  assertions  contained  herein  are  the  private  views  of  the  authors  and  are  not  to  be  construed  as  official  or  as 
reflecting  the  views  of  the  Department  of  the  Army  or  the  Department  of  Defense. 
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It  is  well  recognized  that  limitations  exist  in  providing  fluid  resuscitation  to  the  injured  in  far-forward  combat 
environments.  Weight  and  cube  limitations  restrict  the  availability  of  large  volumes  of  crystalloid 
resuscitation  fluids  for  far-forward  use,  and  there  can  be  significant  time  delays  and  failure  rates  in  obtaining 
intravenous  access  of  peripheral  veins.  All  the  above  are  coupled  to  the  noise  and  confusion  of  battle.  To 
compound  the  problem,  evidence  from  experimental  animals  suggests  that  interventions  to  re-establish 
homeostasis  may  need  to  be  initiated  within  30  minutes  after  injury  to  assure  survival,  [5]  offering  additional 
challenges  to  attempts  to  improve  survival  on  the  battlefield. 

Future  combat  scenarios  under  the  objective  (future)  force  where  the  troops  are  more  dispersed,  imply  that 
evacuation  times  of  casualties  will  be  prolonged.  Evacuation  times  that  exceed  24  hr  may  be  common, 
particularly  if  from  urban  environments,  as  was  learned  in  Somalia  [6].  It  has  even  been  suggested  that  the 
time  until  air  evacuation  from  battlefields  of  the  future  could  approach  96  hours.  Special  operations  forces 
currently  operate  under  the  assumption  that  evacuation  of  casualties  may  not  be  possible  for  up  to  72  hours. 
Taken  together,  the  implication  is  that  at  a  minimum,  several  hours  may  pass  before  any  surgical  intervention 
is  possible  to  treat  the  injured  soldier.  As  indicated  by  Bellamy,  [1]  mortality  increased  from  20%  to  32% 
when  evacuation  times  of  casualties  was  increased  from  immediately  to  24  hours.  Although  his  data  did  not 
extend  beyond  24  hours,  the  mortality  rate  would  be  expected  to  continue  to  rise  beyond  this  point,  but 
whether  this  rise  would  be  linear  or  exponential,  is  unknown. 


2.0  PERMISSIVE  HYPOTENSION 

Based  on  this  information,  one  of  the  goals  of  the  US  Army’s  Combat  Casualty  Care  program  is  to  develop  a 
strategy  to  improve  field  fluid  resuscitation  for  the  treatment  of  significant  hemorrhage  in  combat  casualties 
expecting  longer  evacuation  times  and  limited  availability  of  resources.  The  concept  of  permissive 
hypotension,  or  fluid  resuscitation  to  a  blood  pressure  lower  than  normal,  as  a  far-forward  treatment  strategy 
for  special  operations  forces  grew  out  of  a  workshop  held  at  the  1998  Special  Operations  Medical  Association 
meeting4  but,  permissive  hypotension  was  recognized  as  a  reasonable  approach  in  the  care  of  combat 
casualties  in  both  World  Wars  I  and  II  [7,8].  Thus,  permissive  hypotension  remains  a  logical  choice  for  far- 
forward  resuscitation  of  casualties. 

Until  very  recently,  the  standard  practice  for  trauma  resuscitation  in  civilian  urban  setting  s  involved  the 
infusions  of  large  volumes  of  fluids  to  try  to  normalize  blood  pressure.  Today,  this  practice  is  being 
challenged,  especially  for  treating  hemorrhagic-shock  victims  with  penetrating  injuries  [9,10].  Even  for  blunt 
trauma  patients,  the  wisdom  of  rapid  volume  infusion  is  being  questioned  [11].  It  has  been  argued  that 
resuscitation  to  baseline  or  normal  blood  pressure  can  increase  bleeding  and  worsen  outcome  because  of 
severe  hemodilution  and  disruption  of  newly  forming  blood  clots.  Thus,  it  is  hoped  that  permissive 
hypotensive  resuscitation  can  improve  outcome,  yet  avoid  these  adverse  hemostatic  effects  [9,10,12,13].  For 
example,  studies  in  experimental  animals  have  shown  that  in  the  treatment  of  uncontrolled  hemorrhage  from  a 
vascular  injury,  restoring  blood  pressure  to  40  or  60  mmHg  resulted  in  longer  survival  compared  to  animals 
resuscitated  to  the  baseline  mean  arterial  pressure  of  80  mmHg  or  animals  that  received  no  fluid  [14,15]. 
Providing  some  fluid  even  before  surgical  repair  of  the  injury,  also  appeared  to  produce  better  outcomes  than 
delaying  all  fluid  until  after  surgery  [14].  Recently,  a  study  in  our  laboratory  showed  that  fluid  resuscitation 
with  lactated  Ringer’s  (LR)  to  a  mean  arterial  pressure  (MAP)  of  70  mmHg  in  rats  improved  hemorrhage- 
induced  vascular  hyporeactivity  to  norepinephrine  better  than  LR  resuscitation  to  baseline  MAP  during  the  4- 
hr  study  period  [16].  Rats  were  anesthetized  and  hemorrhage  to  a  MAP  of  50  mmHg  for  60  min.  This  degree 
of  hemorrhaged  corresponded  to  about  19  +  2  ml/kg  body  weight.  The  rats  were  then  resuscitated  with 
different  fluids  (Table  1)  to  achieve  and  maintain  a  MAP  of  70  mmHg  and  monitored  for  up  to  4  hr  or  until 
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death.  An  additional  group  received  LR  infusion  to  return  MAP  to  pre-hemorrhage  levels.  Resuscitation  to 
baseline  MAP  with  LR  resulted  in  severe  hemodilution  and  deterioration  of  vascular  responsiveness  to 
norepinephrine. 

Table  1:  Infusion  volume  of  each  fluid  to  maintain  MAP  of  70  mm  Hg  after  hemorrhage  in  rats1 

LR2  HS-LR3  Hespan  Hextend  LR-BL4 
Volume  infused  (ml/kg)  156±23  100±14*  17±2*  24±5*  399±30* 


^ata  expressed  as  mean  +  SEM  of  n=7/group 

2  Lactated  Ringer’s  group 

3  5%  Hypertonic  saline  during  first  hr  and  LR  thereafter 

4  LR  resuscitation  to  baseline  MAP 

*P<0.05  as  compared  to  the  LR  group 


Nevertheless,  the  adequacy  of  hypotensive  fluid  resuscitation  has  recently  been  questioned.  For  example, 
studies  have  suggested  that  hypotensive  crystalloid  resuscitation  to  a  MAP  of  60  to  70  may  be  inadequate  to 
prevent  metabolic  derangements  associated  with  hemorrhagic  shock  [17,18].  It  should  be  noted  that  over  the 
last  decade  of  research  into  hypotensive  resuscitation,  the  majority  of  these  studies  have  only  followed 
animals  for  a  few  hours  and  LR  or  normal  saline  has  been  the  primary  fluid  evaluated  [19,20].  However,  a 
study  in  rats,  [14]  pigs,  [15]  and  dogs  [21]  have  now  included  an  observation  time  of  72  hours  or  longer 
after  a  hypotensive  period.  Since  not  all  animals  in  the  hypotensive  resuscitation  groups  survived  in  some  of 
these  studies,  further  investigation  warrants  use  of  different  fluids,  resuscitation  to  a  higher  blood  pressure,  or 
resuscitation  to  better  physiologic  endpoints  in  an  attempt  to  improve  outcome.  The  limits  of  permissive 
hypotension  as  a  fluid  resuscitation  strategy  remain  unknown. 


3.0  SMALL  VOLUME  RESUSCITATION 

To  compensate  for  the  logistic  problems  of  providing  enough  crystalloid  fluids  on  the  battlefield  to  resuscitate 
the  injured  soldier  adequately,  the  U.S.  Army  initiated  studies  to  investigate  the  potential  efficacy  of 
resuscitation  fluids  that  could  be  effective  in  small  volumes.  This  led  to  an  extensive  effort  to  evaluate  7.5% 
NaCl/6%  Dextran-70  (HSD).  Results  from  pre-clinical  and  clinical  studies  have  shown  that  HSD  could  be  at 
least  as  effective  as  LR  for  the  treatment  of  significant  hemorrhage  [22-27]  In  experimental  animals 
resuscitated  from  a  controlled  hemorrhage  with  a  bolus  dose  of  HSD,  the  volumes  required  were  only  1/10- 
1/12  the  volume  of  LR  to  achieve  similar  hemodynamic  effects  [22-24].  The  differences  in  volume 
requirements  of  various  fluids  are  illustrated  in  Figure  1.  The  premise  here  is  that  for  treating  a  1L  blood  loss, 
3L  of  LR  would  be  the  standard  fluid  resuscitation  strategy.  In  contrast,  only  1L  of  a  colloid  solution  such  as 
Hextend  (illustrated)  or  Hespan  would  be  required.  Combining  a  colloid  with  a  hypertonic  crystalloid  further 
reduces  the  fluid  requirement  such  that  only  a  250  ml  bag  of  HSD  (illustrated)  would  provide  similar 
resuscitation  as  the  3L  bag  of  LR.  The  implication  of  this  research  strategy  on  reducing  the  logistic  burden  on 
the  battlefield  is  obvious  and  potentially  offers  a  wider  range  from  hypotensive  resuscitation  to  full  restoration 
of  baseline  blood  pressure,  but  with  much  smaller  volumes. 
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Figure  1:  Theoretical  fluid  volume  requirements  to  achieve  equal  resuscitation  after  a  1L  blood  loss. 
Pictured  are  a  3L  bag  of  LR,  2-500  ml  bags  of  Hextend  and  a  250  ml  bag  of  HSD. 


The  treatment  of  significant  hemorrhage  requires  fluid  resuscitation,  but  it  is  recognized  that  the  presence  of 
hypotension,  environmental  and  tactical  conditions,  limited  expertise  of  the  medic  and/or  the  presence  of  mass 
casualties  can  lead  to  significant  time  delays  and  failures  in  gaining  access  to  peripheral  veins  in  the  far- 
forward  combat  arena.  Based  on  evidence  to  suggest  that  intraosseous  (10)  infusion  is  a  viable  route  for  the 
emergency  injection  of  drugs  and  fluids  [28]  and  that  the  technique  was  easy  to  learn  by  military  first 
responders,29  the  US  Army,  through  in-house  research  activities  and  outside  contracts,  has  examined  the 
intraosseous  route  as  an  alternative  means  of  infusing  resuscitation  fluids  for  the  treatment  of  hemorrhagic 
hypotension  in  experimental  animals  [2,30-32].  These  studies  have  focused  on  HSD  and  have  observed  that  a 
single  dose  of  HSD  induced  essentially  identical  hemodynamic  effects  through  the  IO  route  as  the  IV  route 
[30-32].  In  addition,  where  studies  with  IO  infusion  of  isotonic  crystalloids  indicated  that  such  administration 
could  not  resuscitate  from  hemorrhagic  hypotension  in  a  timely  manner,  [33]  IO  administration  of  HSD  could 
be  effective  [31,32], 

A  pilot  study  was  initiated  to  determine  whether  HSD,  infused  through  the  IO  route,  could  be  used  in  the 
context  of  permissive  hypotension  to  resuscitate  animals  subjected  to  an  uncontrolled  hemorrhage  [34]. 
Anesthetized,  splenectomized  animals  were  bled  25  ml/kg  (about  37%  of  estimated  blood  volume)  from  the 
femoral  artery  over  a  30  minute  period.  An  uncontrolled  hemorrhage  was  induced  by  pulling  the  aortotomy 
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wire,  and  the  animal  was  left  undisturbed  for  15  minutes.  Fluid  resuscitation  with  F1SD  or  LR  was  initiated 
through  an  10  sternal  access  device  until  a  systolic  blood  pressure  of  70  mmHg  was  achieved.  Pressure  was 
maintained  at  this  level  with  the  appropriate  fluid  over  a  2-hour  experimental  period.  The  preliminary  results 
of  these  studies  indicated  that  the  volume  of  HSD  required  to  maintain  systolic  blood  pressure  at  70  mmHg 
was  less  than  1 0%  of  the  volume  of  LR  needed,  similar  to  the  data  obtained  with  bolus  infusions  of  HSD 
[23,24],  Although  the  10  technique  appears  relatively  safe,  [2,28,32]  the  safety  of  multiple  infusions  of 
hypertonic  fluids  has  not  been  established  [35]. 


4.0  CURRENT  STUDIES 

Currently  in  our  laboratory,  hypotensive  resuscitation  research  has  expanded  to  evaluate  US  FDA-approved 
fluids  or  other  investigational  products.  In  one  study,  anesthetized,  splenectomized  swine  were  hemorrhaged 
20  ml/kg  over  a  4  min  40  sec  period  followed  by  an  additional  8  mPkg  after  a  30  min  compensation  period. 
The  second  hemorrhage  was  over  the  same  time  period  and  each  hemorrhage  period  duplicated  the  blood  loss 
profile  of  an  uncontrolled  aortotomy  hemorrhage.  Thus,  the  model  mimics  an  uncontrolled  hemorrhage,  yet 
retains  the  reproducibility  of  a  controlled  hemorrhage.  Also,  this  model  is  lethal  if  left  untreated.  Fluid 
resuscitation  was  begun  30  minutes  after  the  first  hemorrhage.  The  second  hemorrhage  was  then  begun  to 
mimic  rebleeding  that  may  occur  with  resuscitation.  Fluid  resuscitation  is  continued  as  needed  to  achieve  and 
maintain  a  systolic  blood  pressure  of  80  mmHg.  Animals  were  monitored  for  3  hr  after  the  start  of  fluid 
infusion  or  until  death.  Figure  2  illustrates  preliminary  results  comparing  LR  resuscitation  versus  no  treatment 
on  blood  pressure  in  these  animals  [36].  Of  note,  resuscitation  with  lactated  Ringer’s  (LR)  to  a  systolic  blood 
pressure  of  80  mmHg  resulted  in  75%  survival  from  an  otherwise  lethal  hemorrhage,  and  the  volumes 
required  were  3.4  times  the  shed  blood  volume,  exceeding  the  typical  3:1  ratio  of  resuscitation  fluid  to  blood 
volume  loss  often  used  in  standard  resuscitation.  These  results  suggest  that  in  hypotensive  resuscitation, 
crystalloid  fluid  alone  may  be  insufficient  to  properly  resuscitate  from  severe  hemorrhage.  Other  fluids  under 
evaluation  in  this  study  include  Hespan  and  Hextend  as  colloids,  and  a  hemoglobin  therapeutic  as  an  oxygen 
carrier.  It  should  be  noted  that  Hextend  is  now  carried  by  special  forces  medics.  One  of  the  goals  of  this  study 
was  to  evaluate  whether  any  of  these  fluids,  when  used  in  hypotensive  resuscitation,  was  superior  in 
improving  hemodynamic  and  metabolic  responses  to  severe  hemorrhage.  Preliminary  results  in  table  2  show 
the  volumes  of  the  different  fluids  necessary  to  achieve  and  maintain  a  systolic  blood  pressure  of  80  mmHg, 
and  illustrates  the  expected  volume  sparing  effects  of  colloids  compared  to  a  crystalloid.  However,  these 
colloids  resulted  in  similar  survival  rates  as  LR  in  these  experiments.  As  described  above,  similar  volume 
sparing  effects  of  colloids  were  observed  in  table  1  to  maintain  MAP  at  70  mmHg  after  hemorrhage  in  rats.16 
In  addition,  there  are  parallel  studies  using  these  fluids  in  conscious  pigs  and  rats  to  evaluate  the  effects  of 
permissive  hypotension  for  up  to  24  hr.  In  the  conscious  pig  model  chronically  instrumented,  splenectomized 
pigs  are  hemorrhaged  37  mFkg  following  the  same  uncontrolled  hemorrhage  profile  described  above.  In  this 
model,  fluid  resuscitation  begins  10  min  after  hemorrhage  and  continues  to  achieve  and  maintain  a  systolic 
blood  pressure  of  80-82  mmHg.  After  24  hr,  the  animals  receive  their  shed  blood  back  and  are  allowed  to 
recover.  Animals  are  monitored  for  up  to  72  hr  after  start  of  resuscitation  or  until  death  to  begin  to  evaluate 
potential  complications  of  prolonged  hypotensive  resuscitation.  In  the  conscious  rat  model,  animals  are 
hemorrhaged  to  40  mmHg  (MAP)  and  held  there  for  30  minutes.  At  this  point  they  are  given  fluid  as 
required  to  raise  their  MAP  to  60  mmHg  and  they  are  given  fluid  as  required  to  stay  above  this  level  for  an 
additional  4  hours.  Thereafter  they  are  given  sufficient  fluid  to  raise  their  MAP  to  80  mmHg  and  they  are 
monitored  for  an  additional  20  hours. 
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Figure  2:  Systolic,  diastolic  and  mean  arterial  pressure  in  hemorrhaged  swine  receiving  either  no  treatment  or  fluid 
resuscitation  with  lactated  Ringer’s  (LR).  Data  represent  mean  +  standard  error  for  3-5  animals  per  group. 
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Table  2:  Infusion  volume  of  each  fluid  to  maintain  systolic  blood  pressure  of  80  mmHg 
after  hemorrhage  in  pigs1 


No  Resuscitation 

LR2 

Hespan 

Hextend 

Volume  infused  (ml/kg) 

0 

88.8±17.7 

33.2±16.3* 

33.619.7” 

5%  NaCI 

HSD3 

HBOC4 

Volume  infused  (ml/kg) 

16.0±5.9* 

10.4±2.8* 

29.7±0.8* 

^ata  expressed  as  mean  +  SEM  of  n=2-5/group 

2  Lactated  Ringer’s  group 

3  Hypertonic  saline  dextran 

4  Hemoglobin  oxygen  carrier  fluid 


*  p<  0.05  from  lactated  Ringer’s  group 

5.0  CONCLUDING  REMARKS 

Current  studies  now  investigate  fluid  resuscitation  practices  under  the  concept  of  permissive  hypotension. 
However,  much  remains  to  be  investigated  to  determine  the  optimal  fluid  that  can  be  used  in  small  volumes, 
yet  improve  outcomes  even  in  situations  where  definitive  care  is  delayed  for  many  hours  after  injury.  It  is 
interesting  to  note  that  after  years  and  resuscitation  of  thousands  of  patients  for  the  treatment  of  hemorrhage, 
little  reliable  evidence  exists  to  suggest  how  much  fluid  to  give  or  the  clinical  endpoints  to  guide  resuscitation 
[37].  Although  the  results  of  some  animal  studies  seem  promising,  the  long-term  effects  of  permissive 
hypotension  and  the  lasting  superiority  of  one  type  of  fluid  over  another  are  unknown.  To  this  end,  other 
studies  under  the  Resuscitation  task  area  of  the  Combat  Casualty  Care  research  program  investigate  the 
genetic  responses  to  hemorrhage  and  resuscitation.  Employing  state-of-the-art  microarray  technology,  these 
studies  use  genomics  to  evaluate  the  metabolic  consequences  of  hemorrhage  to  provide  a  better  understanding 
of  the  potential  complications  of  prolonged  hypotensive  resuscitation,  and  to  provide  potential  ways  to 
recognize  casualties  that  are  not  tolerating  the  prolonged  hypotension.  Other  studies  are  also  aimed  at  the  early 
recognition  of  casualties  that  may  require  alternative  resuscitation  strategies  or  priority  evacuation  from  the 
battlefield.  In  addition,  working  under  the  premise  that  hemorrhagic  shock  results  in  complement  activation, 
preliminary  studies  in  our  laboratory  suggest  that  early  use  of  a  complement  inhibitor  may  reduce  fluid  needs 
and  improve  outcome  in  hemorrhaged  rats  [38].  Although  evidence  suggests  that  resuscitation  to  a  systolic 
blood  pressure  of  80  mmHg  may  be  inadequate  to  improve  cerebral  perfusion  after  head  injury,  [39,40]  the 
addition  of  adjuncts  or  a  “designer”  fluid  might  improve  outcome  when  used  with  permissive  hypotension. 
As  noted,  to  date  most  fluid  resuscitation  studies  evaluating  permissive  hypotension  have  generally  utilized 
crystalloids  such  as  LR  or  normal  (physiologic)  saline.  Recently,  Burris  et  al.  [41]  suggested  that  at  least  short 
term  outcome  can  be  improved  by  resuscitating  to  a  lower  blood  pressure  with  a  hypertonic  saline-hetastarch 
fluid  than  with  LR. 
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6.0  SUMMARY 

In  summary,  research  in  our  laboratory  over  the  years  with  HSD  and  the  10  administration  route,  as  part  of  the 
Combat  Casualty  Care  fluid  resuscitation  task  area,  suggest  that  innovative  means  can  be  explored  in 
resuscitating  injured  soldiers  from  severe  hemorrhage  in  the  far-forward  combat  environment.  It  is  anticipated 
that  our  research  in  the  area  of  permissive  hypotensive  resuscitation  will  help  identify  therapeutic  windows 
and  complication  rates  with  currently  available  fluids.  The  successful  implementation  of  hypotensive 
resuscitation  strategies  for  far-forward  treatment  of  severe  hemorrhage  will  conserve  the  limited  resources 
available,  decrease  rebleeding  complications  and  improve  the  likelihood  that  injured  soldiers  will  reach 
medical  treatment  facilities,  thereby  reducing  the  number  killed  in  action. 
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